Abstract: Dark solitons, which have better stability in the presence of noise, have potential applications in optical communication and ultrafast optics. In this paper, the dark soliton formation in erbium-doped fiber lasers based Sb 2 Te 3 saturable absorber (SA) is first experimentally demonstrated. The Sb 2 Te 3 SA is fabricated by using the pulsed laser deposition method. The generated dark solitons are centered at the wavelength of 1530 nm and repetition rate of 94 MHz. Analytic solutions for dark solitons are also obtained theoretically. 39(12), 3484-3487 (2014). 7. W. Zhao and E. Bourkoff, "Generation, propagation, and amplification of dark solitons," J. Opt. Soc. Am. B 9(7), 1134-1144 (1992). 8. G. P. Agrawal, Nonlinear Fiber Optics, 3rd ed., Academic press, San Diego (2002). 9. W. Zhao and E. Bourkoff, "Propagation properties of dark solitons," Opt. Lett. 14(13), 703-705 (1989) 
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Introduction
Solitons, which can be divided into bright and dark ones, exist in nonlinear systems [1] . If the effective nonlinearity in systems is attractive, then bright solitons are formed, while dark solitons appear in the opposite case [2] . Dark solitons have the form of a density dip with a phase jump across its density minimum. And this kind of localized nonlinear waves exists on the top of a stable continuous wave background [3] . In the past decades, dark solitons are widely applied in nonlinear optics and ultra-fast optics, and the formation of them in mode-locked fiber lasers has been studied because of their applications [4] . Like the formation of bright solitons, dark soliton formation is an intrinsic feature of the nonlinear light propagation in the normal dispersion regimes [5, 6] . Compared to bright solitons, dark solitons have the advantages of having better stability in the presence of noise and being less influenced by intrapulse-stimulated Raman scattering [7] [8] [9] . Besides, dark solitons have been broadened during the propagation at nearly half the rate of bright solitons. Those advantages enable dark solitons to be more suitable than bright solitons in nonlinear optics [10] [11] [12] [13] .
Dark soliton generation in erbium-doped fiber (EDF) lasers of normal dispersion has been first observed in [14] , awaking research interests for exploring new sources for the dark soliton generation [15] . Different from fibers, the existence of a gain-loss mechanism, gain dispersion effect, and the cavity boundary condition in fiber lasers should be taken into account for the dark soliton generation. As a result, dark solitons can be generated in fiber lasers only for certain parameters [14, 16, 17] . Thus, meaningful work that testing different initial conditions on fiber lasers with selected cavity parameters and operation conditions has been done [18] [19] [20] .
On the other hand, to achieve passive mode locking of a fiber laser, different techniques have been used. These conventional techniques include the figure-of- In this paper, dark solitons in EDF lasers based Sb 2 Te 3 SA will be obtained for the first time to our knowledge. In order to controlling the length of a deposited material, layers of Sb 2 Te 3 will be deposited on a microfiber, which enables the interaction between the evanescent fields. The Sb 2 Te 3 SAs will be fabricated with the pulsed laser deposition (PLD) method. Combining the NPR technique, the EDF lasers based Sb 2 Te 3 SAs will be mode locked. The optical spectrum of dark solitons will be centered at 1530 nm. The output power of dark solitons will be 12 mW. The formation of dark solitons in the proposed fiber lasers will also be studied analytically. The analytic dark soliton solutions for the nonlinear Schrödinger (NLS) equation, which can describe the formation of dark solitons in such fiber lasers, will be derived. Agreement between experimental and analytical results will be discussed. The fabrication process is divided into two steps: fused-tapering and PLD coating. At first, the SMF-28 fiber is tapered to microfiber. Generally, the waist diameter of the fiber can be tapered down from a few micrometers to tens of micrometers. In this paper, the tapered waist of microfiber has the length of 2 mm, and the diameter is about 18 µm. And then, a high energy Nd:YAG laser (SL II-10, Surelite, λ = 1550 nm) is operated with 200 mJ/pulse (2 W average power, and 10 Hz repetition rate). With vacuum degree of 10 −4 pa, the laser beam is focused on the Sb 2 Te 3 target inside a vacuum chamber. The inspired plasma plume is deposited on microfiber within 60 minutes. To avoid pollution from the plastic polymers of the fiber, the deposition temperature is fixed at room temperature. Figure 1(a) is the scanning electron microscope (SEM) images of the tapered waist of microfiber, and Fig. 1(b) is one part of the enlarged regions of Sb 2 Te 3 film. The nonlinear effect of the Sb 2 Te 3 SA can be adjusted by depositing Sb 2 Te 3 onto the microfiber, where the deposited amount and length of Sb 2 Te 3 along the microfiber are able to be controlled by adjusting the deposition time. Hence, it can increase the interaction between propagating beam and Sb 2 Te 3. By using a Raman spectrometer (LabRAM HR Evolution) with a laser at 514 nm, Raman spectra is measured as shown in Fig. 1(c) . To excite the Raman scatting, a typical laser power of 5.6 mW is used. The lines observed at 66, 111, and 162 cm The insertion loss (IL) of the Sb 2 Te 3 SA is measured to be ~2 dB. The input amplified spontaneous emission (ASE) light source (Glight, 1250 nm~1650 nm) and optical spectrum analyzer (Yokogawa AQ6315A) are used to measure the device's linear absorption from 1400 nm to 1600 nm. The linear transmission is characterized by a very flat profile at the level of 65% ± 2% in Fig. 2(a) . Using a femtosecond pulse with pulse duration of 650 fs, central wavelength of 1562 nm, and repetition rate of 22.5 MHz, the nonlinear saturable absorption is measured as shown in Fig. 2(b) . The saturable intensity is 175 MW/cm 2 , and a modulation depth α Δ is about 7.42%. Fig. 3 . Configuration of the mode-locked EDF laser. COL, collimator; QWP, quarter waveplate; HWP, half waveplate; ISO, polarization-dependent isolator; PBS, polarization beam splitter; WDM, wavelength-division multiplexer. Figure 3 shows the schematic of mode-locked EDF laser with our Sb 2 Te 3 SA device. The pump source is a laser diode (LD) with emission centered at 976 nm with maximum output power of 500 mW. A 370-mm-long EDF (Liekki 110 −4/125) is used as the gain medium with absorption coefficient of 110 dB/m at 1530 nm. The QWP and HWP are employed to adjust the polarization state of pulses. Unidirectional operation of the fiber laser is ensured by the ISO. The pump is delivered into EDF via a 980/1550 nm wavelength division multiplexer (WDM) with two HI1060 fiber pigtail. The leading fiber of collimators is the SMF-28 fiber. The Sb 2 Te 3 SA is inserted between the EDF and WDM. The total cavity length is about 2.2 m. Because our Sb 2 Te 3 SA device is a hybrid structure composed by the inner microfiber and the outer coated thin TI film, the dispersion of which could not be accurately valued, the total cavity dispersion is difficult to be determined. An optical spectrum analyzer (Yokogawa AQ6315A) and a 250-MHz oscilloscope (Tektronix TDS 714L) with a 1-GHz photo-detector are used to study the optical spectrum and output pulse train from the intra-cavity PBS, respectively.
Fabriation and characterization of Sb2Te3 SA

Mode-locked EDF laser setup
Experimental results and discussions
In the experiment, the mode-locking threshold is about 120 mW. The output power of the mode-locked EDF laser is about 12 mW with the pump power of 350 mW. When the pump power is between 120 and 400 mW, the mode-locked EDF laser could maintain the modelocking state without rotating the QWP and HWP in the ring cavity. As the increasing of the pump power, the output spectrum is broadened. The optical spectrum of mode-locked pulses is centered at 1530 nm in Fig. 4(a) . The oscilloscope trace of dark solitons in the time scales of 10 ns/div can be seen in Fig. 4(b) . Dark solitons emitted from the intra-cavity PBS with the repetition rate of 94 MHz, which is measured by a radio frequency analyzer (Agilent E4407B). The electrical signal to noise ratio (SNR) of the fundamental frequency is about 63 dB measured with 10 kHz resolution bandwidth, which indicates robust mode-locking as shown in Fig. 4(c) . When we reduce the length of SMF-28 fiber (about 80mm) in the modelocked EDF laser, and rotate the QWP and HWP in the ring cavity to change the intra-cavity polarization, bright solitons can be observed. However, we only focuse on dark soliton operation in this paper. Thus, the total cavity dispersion of the mode-locked EDF laser has important effect on the generation of dark solitons. Finally, we remove the Sb2Te3 SA, dark solitons cannot be observed no matter how we adjust the pump power and rotate the QWP and HWP. Because Sb 2 Te 3 SA shows a giant nonlinear refreactive index, and can induce the high nonlinear effect [35] , dark solitons can be generated when the EDF laser is mode locked based on the Sb 2 Te 3 SA. Finally, our Sb 2 Te 3 SA device fabricated with the PLD method is demonstrated to be the good candidates of highly nonlinear photonic device in fiber lasers. We hope better results on dark solitons in our fiber lasers could be presented in the future research. (7) . The transmission of dark solitons is stable with those parameters relationship. In Fig. 5(b) , we choose the nonlinear coefficient ( ) z γ as the
